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E-mail address: s.chung@berkeley.edu (S.T.L. ChunWe assessed whether or not the sensitivity for identifying luminance-deﬁned and contrast-deﬁned let-
ters improved with training in a group of amblyopic observers who have passed the critical period of
development. In Experiment 1, we tracked the contrast threshold for identifying luminance-deﬁned let-
ters with training in a group of 11 amblyopic observers. Following training, six observers showed a reduc-
tion in thresholds, averaging 20%, for identifying luminance-deﬁned letters. This improvement
transferred extremely well to the untrained task of identifying contrast-deﬁned letters (average improve-
ment = 38%) but did not transfer to an acuity measurement. Seven of the 11 observers were subsequently
trained on identifying contrast-deﬁned letters in Experiment 2. Following training, ﬁve of these seven
observers demonstrated a further improvement, averaging 17%, for identifying contrast-deﬁned letters.
This improvement did not transfer to the untrained task of identifying luminance-deﬁned letters. Our
ﬁndings are consistent with predictions based on the locus of learning for ﬁrst- and second-order stimuli
according to the ﬁlter-rectiﬁer-ﬁlter model for second-order visual processing.
 2008 Elsevier Ltd. All rights reserved.1. Introduction
Amblyopia is a developmental disorder of spatial vision that of-
ten results from the presence of strabismus, anisometropia or
other form deprivation early in life (Ciuffreda, Levi, & Selenow,
1991). Clinically, it presents itself as the presence of visual deﬁcits
in one eye that cannot be attributed to an identiﬁable ocular
pathology. The most common forms of visual deﬁcits include a
reduction in visual acuity (Gstalder & Green, 1971; Hess, Campbell,
& Greenhalgh, 1978; Levi & Klein, 1982), contrast sensitivity (Brad-
ley & Freeman, 1981; Hess & Howell, 1977; Levi & Harwerth, 1977),
Vernier acuity (Levi & Klein, 1982; Levi & Klein, 1985; Rentschler &
Hilz, 1985) and other position acuities (e.g. Levi & Klein, 1983; Levi
& Klein, 1990), as well as spatial distortion (Bedell & Flom, 1981;
Bedell & Flom, 1983; Bedell, Flom, & Barbeito, 1985) and abnormal
spatial interactions (Bonneh, Sagi, & Polat, 2004; Hariharan, Levi, &
Klein, 2005; Levi, Hariharan, & Klein, 2002; Polat, Sagi, & Norcia,
1997). Traditionally, treatment of amblyopia is only undertaken
in infants and young children who have not passed the critical per-
iod for visual development, which is generally believed to be
around age 6–8 years in humans (von Noorden, 1981). However,
for over a decade, many studies have reported that repetitive prac-
tice can improve performance on a variety of visual tasks in adultll rights reserved.
g).amblyopes (e.g. Chung, Li, & Levi, 2006; Huang, Zhou, & Lu, 2008;
Levi, 2005; Levi & Polat, 1996; Levi, Polat, & Hu, 1997; Li & Levi,
2004; Polat, Ma-Naim, Belkin, & Sagi, 2004; Zhou et al., 2006).
The earliest studies examining perceptual learning in amblyo-
pes used high-contrast targets that were suprathreshold (in the
contrast domain) to observers (Levi & Polat, 1996; Levi et al.,
1997). Given that suprathreshold contrast processing is largely
normal in human amblyopes (Hess & Bradley, 1980; Levi, Klein,
& Chen, 2007; Loshin & Levi, 1983), potentially properties of per-
ceptual learning such as the time course of learning, the magnitude
of improvement and the transfer of the learning effect, could be
different between near-threshold and suprathreshold targets.
More recent studies have used near-threshold, rather than supra-
threshold high-contrast targets for training, including the studies
of Polat et al. (2004), Zhou et al. (2006), Levi (2005) and our previ-
ous study (Chung et al., 2006). For example, using a contrast detec-
tion task, Polat et al. (2004) trained their observers to detect Gabor
patches with and without ﬂanking collinear high-contrast Gabor
patches, for a range of spatial frequencies. Their premise was to re-
duce the abnormal lateral inhibition in amblyopic observers
through training. Indeed, they found that the inhibition produced
by nearby ﬂankers was reduced following training and that the
improvements transferred to improved acuities. Zhou et al.
(2006) also used a contrast detection task to train their amblyopic
(all anisometropic) observers. Their stimuli were sine-wave grat-
ings and their observers were trained either at one single spatial
2740 S.T.L. Chung et al. / Vision Research 48 (2008) 2739–2750frequency (one that yielded a contrast threshold of 0.50 during
pre-test) or across a range of 9 spatial frequencies (0.5–16 c/deg:
essentially a contrast sensitivity function measurement). They
found that observers who were trained at only one single spatial
frequency showed a large amount of improvement (reduction) in
contrast threshold at the trained spatial frequency, and that the
improvements transferred to other untrained spatial frequencies.
There was also a transfer of improvement to an acuity task for
these observers. Observers who were trained across a range of spa-
tial frequencies also showed improvements, although the magni-
tude of improvements was less than that obtained for the group
of observers trained at only one spatial frequency.
Levi (2005) trained a group of amblyopic observers to identify
luminance-deﬁned letters embedded in various levels of external
noise and measured the contrast threshold for performing this
task. He found that following 5000 trials of training, observers
showed substantial improvement (reduction) of contrast threshold
for identifying letters across all external noise levels in the ambly-
opic eyes, but that the improvement did not transfer to the un-
trained non-amblyopic eyes. In his study, Levi did not assess
whether the improvement transferred to improved visual acuity.
Our recent study examined perceptual learning for a second-or-
der task in a group of amblyopes. Observers were trained to iden-
tify contrast-deﬁned letters that were just barely distinguishable
from their background (Chung et al., 2006). With this threshold
task, eight of the ten amblyopic observers showed a progressive
and steady reduction in threshold (minimal difference in contrast
between the letters and their background) with training. Compar-
isons of pre- and post-test thresholds revealed that while the
reduction in threshold for identifying contrast-deﬁned letters
(the trained task) averaged 33% following training, there was only
an average of 5% reduction in threshold for the untrained task of
identifying luminance-deﬁned letters (a ﬁrst-order task) in the
trained eyes, suggesting an insigniﬁcant amount of transfer of
learning to the untrained task. Unfortunately, we did not assess
observers’ acuities following training, therefore we do not know
if the improvements transferred to an acuity task.
The studies of Polat et al. (2004), Zhou et al. (2006), Levi (2005)
and our previous study clearly indicate that the use of a threshold
task is effective in inducing learning in adult amblyopes. Both the
studies of Polat et al. (2004) and Zhou et al. (2006) used grating
stimuli and provided evidence that an improvement at the early
stage of visual processing could improve acuities in amblyopes.
Considering that acuities are often measured using letter stimuli,
will the use of letter stimuli be more effective in inducing learning,
and of particular interest, will perceptual learning of letter identi-
ﬁcation transfer to improved visual acuity? In this study, we
trained amblyopic observers (strabismic, anisometropic and
mixed) to identify near-threshold letters that were larger than
the acuity limit to address the primary goal of this study—to deter-
mine whether or not improvements in identifying near-threshold
letters following learning also improve visual acuity.
A secondary goal of this study was to better understand the pro-
cessing of second-order visual information. Currently, there exist
two conﬂicting views on the processing pathway for second-order
stimuli, and how it interacts with the processing of ﬁrst-order vi-
sual information. One view, widely accepted in psychophysical
and modeling studies (e.g. Chung et al., 2006; Ellemberg, Allen, &
Hess, 2004; McGraw, Levi, & Whitaker, 1999; Whitaker, McGraw,
& Levi, 1997), and corroborated by some physiological (Baker &
Mareschal, 2001; Mareschal & Baker, 1998) and brain imaging evi-
dence (Smith, Greenlee, Singh, Kraemer, & Hennig, 1998), is that
second-order visual information is processed via a ﬁlter-rectiﬁer-
ﬁlter pathway (Chubb & Sperling, 1989) where the ﬁrst-stage ﬁl-
ters are linear and with a possible neural substrate in the early cor-
tical areas (Mareschal & Baker, 1998; Schoﬁeld, 2000). The outputof these ﬁrst-stage linear ﬁlters then undergoes nonlinear process-
ing, possibly rectiﬁcation, before feeding onto a second-stage ﬁlter.
The neural site(s) of this second-stage ﬁlter in humans and prima-
tes have yet to be identiﬁed, but brain imaging experiments sug-
gest a possible higher-order extrastriate locus, at least for motion
processing (Dumoulin, Baker, Hess, & Evans, 2003; Smith, Green-
lee, Singh, Kraemer, & Hennig, 1998). Based on this simple model
of second-order processing, we hypothesized that improvements
on a ﬁrst-order task are likely to be carried forward to the sec-
ond-stage of visual processing because the ﬁrst-order task could
be analyzed by the ﬁrst-stage linear ﬁlters of the second-order
pathway, in addition to any independent pathways dedicated for
analyzing ﬁrst-order information. In other words, there should be
a transfer of improvement from a trained ﬁrst-order task to an un-
trained second-order task. Unless there is a feedback mechanism
or a subsequent stage where ﬁrst- and second-order information
are pooled, improvements on a second-order task are unlikely to
lead to an improvement in an untrained ﬁrst-order task, as we re-
ported previously (Chung et al., 2006).
An alternative view, supported by some physiological studies, is
that the processing of ﬁrst- and second-order information takes
place within the same pathway. For instance, Barraclough, Tinsley,
Webb, Vincent, and Derrington (2006) found that responses to
ﬁrst-order motion were signiﬁcantly modulated by the presence
of second-order information in neurons as early as in V1, and in
V2 and the third visual complex in marmoset visual cortex, arguing
against a separate pathway dedicated for second-order motion
processing. This model predicts that the transfer of learning be-
tween ﬁrst- and second-order tasks would be bi-directional as
learning would improve how the pathway processes information
in general, regardless of the type of input information.
To test these predictions, we ﬁrst trained a group of amblyopic
observers to identify luminance-deﬁned letters, a ﬁrst-order task,
and determined whether the improvements, if any, transfer to
the untrained tasks of identifying contrast-deﬁned letters (a sec-
ond-order task) and acuity measurement. Then we trained a subset
of these observers to identify contrast-deﬁned letters, as in our
previous study (Chung et al., 2006) to determine whether the
improvements, if any, transfer to the untrained task of identifying
luminance-deﬁned letters. This design allowed us to compare
whether or not learning ﬁrst-order stimuli facilitates the learning
of second-order stimuli. Also, by comparing the results with our
previous study (Chung et al., 2006), the present design allowed
us to determine whether or not ﬁrst-order learning is sufﬁcient
to induce the full potential for improvement for second-order stim-
uli. In addition, in many perceptual learning studies (as in the pres-
ent study) it is common to ﬁnd that some observers fail to learn.
The ‘‘two-stage” learning design maybe helpful in determining
whether such individuals are simply incapable of learning, or
whether they fail only on a particular stimulus or task. Finally,
by assessing whether or not there is a bi-directional cross-over
transfer of improvement to an untrained ﬁrst- and second-order
task, we might be able to better understand the structure of the
pathway processing second-order information.2. Methods
This study comprised two experiments. In Experiment 1, we
trained elevenobserverswith amblyopia (fourwith strabismus, four
with anisometropia and three with both strabismus and anisome-
tropia), aged between 15 and 58, to identify luminance-deﬁned let-
ters using their amblyopic eyes. All observers are well past the
critical period of visual development and did not have any prior
experience in psychophysical experiments. Table 1 summarizes
the visual characteristics of these observers. Immediately following
Table 1
Visual characteristics of the 11 amblyopic observers who participated in Experiment 1
Observer Gender Age (years) Type Eye Visual Acuity (logMAR) Refractive Errors Eye Alignment Stereoacuity (if any)
CF* M 36 Strab OD 20/162 +0.75/0.50  120 4D LXT
OS 20/631 +0.50/1.00  065 2D LHyperT
CL* F 19 Strab OD 20/321 0.75 4D RET
OS 20/16 0.25/0.50  055
GW M 58 Strab OD 20/240+2 +0.50 4D RXT
OS 20/161 +0.50/0.75  180
SCF* M 18 Strab OD 20/12.5+1 1.50/1.25  090 6D LXT
OS 20/1252 pl/1.00  030
AM F 47 Aniso OD 20/12.51 +0.75/0.75  095 200”
OS 20/322 +2.00
HI M 19 Aniso OD 20/12.5+2 pl/0.50  180
OS 20/100+2 14.00/3.75  170
MR M 30 Aniso OD 20/161 pl 200”
OS 20/32+1 +0.50/0.75  075
RAH* F 15 Aniso OD 20/32+1 2.00/1.75  155
OS 20/12.5 +0.25/0.25  060
AW* F 23 Strab + Aniso OD 20/801 +2.75/1.00  160 4–6D RXT
OS 20/161 1.00/0.50  180 4D LHyperT
GJ* M 22 Strab + Aniso OD 20/63+1 +3.25/1.00  100 4–5D RET
OS 20/16+1 pl/0.25  100
ML* F 20 Strab + Aniso OD 20/101 pl 4–5D LET
OS 20/632 +5.50/3.00  055 3–4D LHyperT
Asterisks denote the seven observers who also participated in Experiment 2.
2 The use of the same physical letter size for both luminance- and contrast-deﬁned
letters allowed us to compare data from this study to our previous study (Chung et al.,
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tify contrast-deﬁned letters in Experiment 2. All observers wore
their best optical corrections, appropriate for the viewing distances,
during the experiment. Written informed consent was obtained
from each observer after the procedures of the experiment were ex-
plained and before the commencement of data collection.
2.1. Stimuli
All stimulus letters, luminance- or contrast-deﬁned, were pre-
sented at a background rms noise contrast of 0.07. Details for gen-
erating luminance- and contrast-deﬁned letters are described
elsewhere (Chung et al., 2006). In brief, luminance-deﬁned letters
were generated by assigning a different luminance value to the let-
ter, compared with its mid-gray background (see Fig. 1). An array
of white noise1 covered both the letter and its background. Hence,
contrast threshold for identifying luminance-deﬁned letters was de-
ﬁned as the Weber contrast between the letter and its background,
(letter luminance – background luminance)/background luminance.
Contrast-deﬁned letters were generated by assigning a different con-
trast to the white noise that made up the letter, with respect to the
contrast of the background (see Fig. 1). The mean luminance of the
letter and its background were the same. Thus, contrast threshold
for identifying contrast-deﬁned letters was deﬁned as the differen-
tial contrast (DC) that deﬁned the letter from its background.
2.2. Apparatus
Stimuli were generated on a Macintosh G4 computer with soft-
warewritten inMatlab (TheMathWorks,MA)using thePsychophys-
ics Toolbox extensions (Brainard, 1997; Pelli, 1997), and were
displayed on a Sony 1700 monitor (model number G400) at a mean
luminance of 23 cd/m2. The luminance of the display wasmeasured
using a Minolta photometer. By combining the red and blue output
of the display using a video attenuator (Pelli & Zhang, 1991) and
the use of custom-built software (Tjan, personal communication),
weobtainedaneffective10bit luminance resolutionafter correcting1 The white noise was generated by ﬁrst creating a noise array of 256  256 pixels,
with the luminance of each pixel randomly assigned a value from 0 to 1 according to a
rectangular distribution. These luminance values were then scaled to a background
maximum luminance contrast of 0.25, which corresponded to a rms contrast of 0.07
(see Chung et al., 2006 for details).for thegammaof thedisplay.Observers sat at 42 cmfromthedisplay
during testing (exceptwhen letter size thresholdswere being deter-
minedwhere the viewing distance ranged between 42 and 400 cm).
At this viewing distance, each pixel subtends 2.5 arc min.
2.3. Basic experimental design
Before and after each experiment, we determined the size
thresholds (acuities) for identifying both luminance- and con-
trast-deﬁned letters, for the non-amblyopic and amblyopic eyes,
respectively. For these measurements, stimulus letters were of a
ﬁxed high contrast (0.7 Weber contrast for luminance-deﬁned let-
ters and a differential contrast of 0.7 for contrast-deﬁned letters).
The acuity measurements allowed us to examine whether acuity
improved following each phase of training.
In addition to acuity measurements, we also determined the
contrast thresholds for identifying luminance- and contrast-de-
ﬁned letters, for the non-amblyopic and amblyopic eyes, before
and after training. These measurements allowed us to make com-
parisons of thresholds before and after training to evaluate if there
was an improvement due to training. For these measurements and
subsequent training, we used the same physical letter size for both
luminance- and contrast-deﬁned letters.2 The letter size corre-
sponded to 1.3 the acuity for contrast-deﬁned letters in the ambly-
opic eye during pre-test. As shown in Chung et al. (2006), size
thresholds are approximately 6 larger for contrast-deﬁned than
for luminance-deﬁned letters, therefore, the letter size used was
equivalent to approximately 8 the acuity for luminance-deﬁned
letters.
The basic experimental design and training schedule are repre-
sented schematically in Fig. 1. Essentially, the training schedule
was identical for both Experiments 1 (learning to identify lumi-
nance-deﬁned letters) and 2 (learning to identify contrast-deﬁned2006). Given the difference in acuity for luminance- and contrast-deﬁned letters, an
alternative way to choose a target letter size is to keep the letter size at a constant
multiple above size-threshold for both the luminance- and contrast-deﬁned letters.
However, this approach necessitates the use of different physical letter sizes for
luminance- and contrast-deﬁned letters, which could lead to other undesirable effects
(e.g. different fundamental spatial frequency of the letters) for a perceptual learning
study.
Fig. 1. A schematic illustration of the basic experimental design of the study. Experiment 1 consisted of learning to identify luminance-deﬁned letters. Experiment 2
immediately succeeded Experiment 1 and consisted of learning to identify contrast-deﬁned letters. In each experiment, a pre-test preceded the training, which was in turn,
followed by a post-test. Contrast thresholds for identifying luminance-deﬁned and contrast-deﬁned letters were measured separately for the non-amblyopic (NAE) and
amblyopic (AE) eyes during pre- and post-tests.
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test.
The pre-test consisted of measurements of contrast thresholds
for identifying luminance- and contrast-deﬁned letters in the
non-amblyopic and amblyopic eyes. Pre- and post-test threshold
reported for each condition (eye  type of letters) represents the
average value of at least two blocks of trials (100 trials per block).
Training consisted of 80 blocks of trials (100 trials per block, ten
blocks per day for eight days) of identifying either luminance-de-
ﬁned (Experiment 1) or contrast-deﬁned (Experiment 2) letters
in the amblyopic eyes. Each training session lasted approximately
30–60 min. The post-test, identical to the pre-test, followed the last
training session. Due to experimenter’s errors, two observers (SCF
and CF) underwent 100 instead of 80 training blocks in Experiment
2. Nevertheless, as can be seen in Fig. 6, the thresholds of these two
observers at the 80th and the 100th block were fairly similar.
Hence, the experimenter’s errors are unlikely to have caused a ma-
jor difference to our ﬁndings.
2.4. Testing and psychophysical procedures
Testing and psychophysical procedures were identical for pre-
test, training and post-test sessions. Each condition was tested in
a separate block of trials. In each block of trials, we used the Meth-
od of Constant Stimuli to present the stimulus letter at ﬁve stimu-
lus levels (ﬁve Weber contrast levels for luminance-deﬁned letters
or ﬁve differential-contrast (DC) for contrast-deﬁned letters), with
each stimulus level presented 20 times within the block. On each
trial, a single letter of x-height that corresponded to 1.3  the
threshold letter size for identifying contrast-deﬁned letters in the
amblyopic eye (8 the acuity for identifying ﬁrst-order letters),
was presented for 150 ms in the center of the display monitor. Let-ters were randomly chosen with equal probability from the 26
lowercase letters of the Times-Roman alphabet. The task of the
observers was to indicate the letter identity using the keyboard.
Audio feedback was given to indicate whether or not the response
was correct. Testing was monocular, with the non-tested eye cov-
ered with a standard black eye-patch. We deﬁned threshold as the
contrast (for luminance-deﬁned letters) orDC (for contrast-deﬁned
letters) that yielded 50%-correct performance (after correction for
guessing) on the psychometric function (cumulative Gaussian),
constructed based on the data from each block of trials.
3. Results
In this paper, we follow the color scheme used by McKee, Levi,
and Movshon (2003) to color-code our amblyopic observers
according to the type of amblyopia they exhibited: red for strabis-
mic amblyopia, green for anisometropic amblyopia and blue for
strabismic–anisometropic (mixed) amblyopia. The color-coding
facilitates visualization of the data to determine if any effects we
observed are speciﬁc to the type of amblyopia.
3.1. Experiment 1: Training on luminance-deﬁned letters
Over the course of an eight-day training period (a total of 8000
trials), six of the 11 observers showed a progressive and steady
improvement (reduction) in contrast threshold for identifying
luminance-deﬁned letters. In Fig. 2, we plot each individual obser-
ver’s data in separate panels, and group these panels according to
whether or not the observer showed learning (see below for our
criterion of ‘‘learning”). Data from observers who showed signiﬁ-
cant learning are represented by circular symbols and are shown
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show a signiﬁcant learning effect are plotted as triangles and are
shown in the bottom two rows. To determine whether or not there
was a learning effect for the entire group of 11 observers and to
quantify the improvement, if any, we ﬁt a linear regression func-
tion to each set of logarithmic threshold data that included mea-
surements for all training blocks (unﬁlled symbols), as well as
the pre- and post-test thresholds (ﬁlled symbols). We then per-
formed a t-test to determine if the slope of these regression func-
tions differed from a slope of zero, an indication that there was no
improvement in threshold due to learning. Across the group of 11
observers, the mean slope (± 95% conﬁdence intervals) of the
regression lines averaged 0.0012 ± 0.0008, and was statistically
signiﬁcant from a slope of zero (t(df = 10) = 2.97, two-tailed
p = 0.014).
Clearly, not every observer showed learning. We compared the
slope of each observer’s regression line with a slope of zero and in-
cluded the p-value of such comparison in Fig. 2. Observers were
classiﬁed as learners if their p-values were less than 0.05, and
non-learners otherwise. Using such a criterion, ﬁve of the 11
observers did not reach statistical signiﬁcance and were thus clas-
siﬁed as non-learners. Applying the conservative Bonferroni cor-
rection (p-values less than 0.0045 for statistical signiﬁcance) to
correct for the number of observers results in the exclusion of ob-
server ML as a learner.
Our results reveal two clear observations. First, the improve-
ment due to learning does not depend on the type of amblyopia
(strabismic, anisometropic or mixed). For each amblyopia type,
some observers showed learning (according to our criterion) and
some did not. Second, the two oldest observers (47 and 58 years
of age, respectively) did not show any learning, consistent with
the common belief that although the adult visual system still dem-
onstrates plasticity, the plasticity decreases with increased age. We
note however that all observers were well past the age at which
treatment for amblyopia is normally prescribed.
The ﬁtting of a regression line to describe the change in contrast
threshold as training progresses, as in Fig. 2, shows the trend of any
learning effect. An alternative way to show if learning occurred is
to compare the threshold measurements obtained at pre- and
post-tests. For our group of 11 observers, a paired t-test reveals
that the post-test thresholds are signiﬁcantly different from the
pre-test thresholds for the trained condition (t(df = 10) = 4.44,
two-tailed p = 0.001). Note that this analysis included the ﬁve
‘‘non-learners”. For the six observers who showed learning for
luminance-deﬁned letters, a comparison of the contrast threshold
ratio obtained at post- and pre-test yielded a group-average
(± 95% conﬁdence intervals) value of 0.80 ± 0.07 (see Fig. 3). Given
that this value is statistically lower than a value of 1 (no improve-
ment due to learning), we conclude that there was a statistically
signiﬁcant amount of improvement, averaging 20% (range: 12–
33%), for these six observers.
Two interesting questions follow. Did the improvement in
learning to identify ﬁrst-order letters transfer to the untrained task
of identifying second-order letters; and did the improvement
transfer to the untrained non-amblyopic eyes? Fig. 3 plots the
thresholds at post-tests as a function of the thresholds at pre-tests
for the tasks of identifying luminance-deﬁned (left panel) and con-
trast-deﬁned (right panel) letters, and separately for the non-
amblyopic (unﬁlled symbols) and amblyopic (ﬁlled symbols) eyes,
for the six observers who showed signiﬁcant learning. Learning can
be visualized as data points plotted below the 1:1 line (dashed
line) included in each panel. Only data from the six observers
who showed learning are included because our goal was to exam-
ine whether or not there was a transfer of learning. As such, all the
ﬁlled symbols (trained amblyopic eyes) fall below the 1:1 line for
the task of identifying luminance-deﬁned letters (left panel). Moreimportantly, all the six ﬁlled symbols for the task of identifying
contrast-deﬁned letters (right panel) also fall below the 1:1 line.
The deviations of these symbols from the 1:1 line were of a greater
magnitude (averaged post/pre-test threshold ratio = 0.62 ± 0.11)
than those for luminance-deﬁned letters (averaged 0.80 ± 0.07)!
This ﬁnding indicates that the learning effect transfers extremely
well to the untrained task of identifying contrast-deﬁned letters
in the same trained eyes—the transferred improvement was larger
than the direct improvement! However, for the untrained non-
amblyopic eyes, there was practically no transfer of the learning ef-
fect as the unﬁlled symbols did not deviate much from the 1:1 line,
for either luminance-deﬁned and contrast-deﬁned letters.
Amblyopia is often diagnosed and deﬁned using an acuity crite-
rion. Considering that our amblyopic observers were trained on
identifying letters that were approximately 8 larger than the acu-
ity limit, a key question is whether or not the improvement in con-
trast thresholds for identifying low-contrast large letters transfers
to an acuity (a letter size-threshold) task that is usually assessed
using high-contrast (supra-threshold) letters. Fig. 4 compares
pre- and post-test acuities, plotted separately for luminance-de-
ﬁned and contrast-deﬁned letters, for those who showed learning.
There was no signiﬁcant difference (as conﬁrmed using paired t-
tests) between pre- and post-test acuities, for any of the condi-
tions. In other words, even though there was an improvement in
contrast threshold for identifying luminance-deﬁned letters, the
improvement did not help observers identify high-contrast letters
near the acuity limit.
In Figs. 3 and 4 we only focused on observers who showed sig-
niﬁcant learning for identifying luminance-deﬁned letters given
our interest in determining whether or not the improvement trans-
ferred to an untrained task or the untrained eyes. A more general
picture of how the post-test thresholds compared with pre-test
thresholds for the entire group of 11 observers is given in Fig. 5,
where post/pre-test threshold ratios for the untrained task of iden-
tifying contrast-deﬁned letters are plotted as a function of the
threshold ratios for the trained task of identifying luminance-de-
ﬁned letters. The two dashed lines in each panel divide each panel
into four quadrants, with the lower left quadrant representing
improvements resulting from the direct learning of identifying
luminance-deﬁned letters, as well as the transferred improvement
in identifying contrast-deﬁned letters. The right panel clearly
shows that the six observers who showed an improvement follow-
ing learning to identify luminance-deﬁned letters also showed an
improvement for the untrained task of identifying contrast-deﬁned
letters in the same trained (amblyopic) eyes. The additional data
point (red) that also falls within the lower left quadrant belongs
to observer CL, who showed no block-to-block improvement in
thresholds (see Fig. 2) and thus was classiﬁed as a non-learner
according to our criterion, although she demonstrated a sizeable
reduction in post/pre-test threshold ratios. As a group, there was
practically no correlation between the magnitudes of improvement
for identifying luminance- and contrast-deﬁned letters, for non-
amblyopic eyes (NAE, left panel) and amblyopic eyes (AE, right pa-
nel) alike.
3.2. Experiment 2: Training on contrast-deﬁned letters
Following learning to identify luminance-deﬁned letters, seven
of the 11 observers proceeded to train on identifying contrast-de-
ﬁned letters. These included ﬁve observers who previously showed
learning in Experiment 1 (data plotted as circular symbols) and
two who did not (data plotted as triangular symbols). Fig. 6 plots
their thresholds (DC) for identifying contrast-deﬁned letters as a
function of training block. As in Fig. 2, we arranged the individual
panels according to the amount of learning the observers showed,
and sorted the panels into those who showed learning (the ﬁrst
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Fig. 2. Contrast threshold for identifying luminance-deﬁned letters (Experiment 1) is plotted as a function of training block, for each individual observer. Each unﬁlled symbol
represents threshold obtained for a training block (100 trials). Observers were trained for 10 blocks per day for a total of eight days. Filled symbols in each panel represent
thresholds obtained at the pre- and post-test. The solid line in each panel represents the best-ﬁt regression line to each set of data. The slope of this line, if different from zero,
represents signiﬁcant amount of learning (p-value given in each panel). Observers were divided into two groups: those who showed learning (top two rows, data represented
by circular symbols) and those who did not show learning (bottom two rows, data represented by triangular symbols). Acuity and letter size used are given in each panel. In
this and subsequent ﬁgures, observers are color-coded according to the type of amblyopia they exhibited (strabismic, red; anisometropic, green; mixed, blue).
2744 S.T.L. Chung et al. / Vision Research 48 (2008) 2739–2750two rows) and those who did not (the bottom row). To quantify the
amount of learning, we ﬁt a linear regression function to each set of
data and performed a t-test to determine if the slope of the regres-
sion function differed from a slope of zero (no improvement in
threshold due to learning). Using this criterion to deﬁne learning,ﬁve observers showed improvement (p-value < 0.05). The number
drops to four if we apply the Bonferroni correction to correct for
the number of observers. Just as in learning to identify lumi-
nance-deﬁned letters, here improvements were found for all three
types of amblyopia. Among the ﬁve observers who showed learn-
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Fig. 3. Post-test thresholds are plotted against pre-test thresholds for identifying luminance-deﬁned (trained task: left panel) and contrast-deﬁned letters (untrained task:
right panel), for non-amblyopic (NAE: unﬁlled symbols) and amblyopic eyes (AE: ﬁlled symbols), for the six observers who showed signiﬁcant learning (see text for criterion
of ‘‘signiﬁcant” learning). Dashed lines represent the 1:1 lines, indicating no change in thresholds before and after learning.
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Fig. 4. Acuities obtained at post-tests are plotted as a function of those obtained at pre-tests (deg) for the six observers who showed learning in Experiment 1, for luminance-
deﬁned and contrast-deﬁned letters. In each panel, data obtained from the non-amblyopic and amblyopic eyes are represented by unﬁlled and ﬁlled symbols, respectively.
Dashed lines represent the 1:1 line, indicating no change in acuity before and after learning.
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Fig. 5. Post/pre-test threshold ratios for the untrained task of identifying contrast-deﬁned letters (Cont) are plotted as a function of the post/pre-test threshold ratios for the
trained task of identifying luminance-deﬁned letters (Lum), for the non-amblyopic eyes (NAE: left panel) and amblyopic eyes (AE: right panel). Each symbol represents the
data for one observer. Dashed lines drawn at threshold ratios of 1 divide each panel into four quadrants, with the lower left quadrant representing improvements for both
luminance-deﬁned (trained task) and contrast-deﬁned (untrained task) letters following training in Experiment 1. The solid line in each panel represents the best-ﬁt
regression line to each set of data, with the correlation coefﬁcient (r) given in the panel.
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did not show any learning in Experiment 1 (identifying lumi-
nance-deﬁned letters). For the two observers who did not showlearning in this experiment, one showed learning and one did
not show learning in Experiment 1. The observer who showed
learning only in Experiment 2 but not in Experiment 1 lends sup-
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Fig. 6. Differential contrast threshold (DC) for identifying contrast-deﬁned letters is plotted as a function of training block, for the seven observers who took part in
Experiment 2. Two observers (SCF and CF) were trained for 100 blocks instead of 80 due to experimenter’s errors (see text for details). Details of the plotting are the same as
those in Fig. 2.
2746 S.T.L. Chung et al. / Vision Research 48 (2008) 2739–2750port to refute the argument that the observer could not learn on
any tasks in general.
As in Experiment 1, we also assessed whether or not learning
occurred by comparing the pre- and post-test thresholds for the
trained condition using a paired t-test. Across the seven observers,
there is a signiﬁcant reduction in thresholds following learning
(t(df = 5) = 3.05, two-tailed p = 0.023).
For the ﬁve observers who demonstrated learning, we com-
pared their thresholds for identifying luminance- and contrast-
deﬁned letters in the non-amblyopic and amblyopic eyes before
and after learning to identify contrast-deﬁned letters. Thresholds
obtained at post-tests are plotted as a function of thresholds ob-
tained at pre-tests for the tasks of identifying luminance-deﬁned
(left panel) and contrast-deﬁned (right panel) letters, and sepa-
rately for the non-amblyopic (unﬁlled symbols) and amblyopic(ﬁlled symbols) eyes in Fig. 7. Four of the ﬁve ﬁlled symbols fall
below the 1:1 line for the task of identifying contrast-deﬁned
letters. The observer whose data fall on, instead of below, the
1:1 line (RAH) displayed marginal improvement, as shown in
Fig. 6. Averaged across the ﬁve observers, the post/pre-test
threshold ratio was 0.83 ± 0.13, almost identical to the direct ef-
fect of learning luminance-deﬁned letters (Fig. 3). This value is
statistically lower than 1 and represents an averaged improve-
ment in threshold of 17% (range: 0 to 32%). However, this
improvement did not transfer to the untrained task of identify-
ing luminance-deﬁned letters (averaged post/pre-test thresh-
old = 1.02 ± 0.06), or to the untrained non-amblyopic eyes (for
either task of identifying luminance-deﬁned or contrast-deﬁned
letters). Taking into account the 38% transferred improvement
in Experiment 1, our observers demonstrated a very substantial
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Fig. 7. Post-test thresholds are plotted against pre-test thresholds for identifying luminance-deﬁned (untrained task: left panel) and contrast-deﬁned letters (trained task:
right panel), for non-amblyopic (NAE: unﬁlled symbols) and amblyopic eyes (AE: ﬁlled symbols), for the ﬁve observers who showed signiﬁcant learning. Dashed lines
represent the 1:1 lines, indicating no change in thresholds before and after learning.
S.T.L. Chung et al. / Vision Research 48 (2008) 2739–2750 2747overall improvement in identifying contrast-deﬁned letters of
49% at the end of the study.
4. Discussion
Letters, being everyday visual stimuli, are over-learned and there
is little learning of luminance-deﬁned letters in normal foveal view-
ing (Dosher & Lu, 2006). However, following learning to identify
near-threshold luminance-deﬁned letters in Experiment 1, six of
the 11 amblyopic observers showed signiﬁcant learning, with an
average improvement of 20%. This improvement was accompanied
by an excellent transfer of improvement (38%) to the untrained task
of identifying contrast-deﬁned letters (discussed further below).
Interestingly, the two oldest observers (GW and AM) did not show
any improvement following training. In spite of the 20% averaged
improvement in threshold for identifying low-contrast letters, there
was no improvement in acuity (size-threshold measurements) as-
sessed using high-contrast letters among our observers.
Immediately following the completion of Experiment 1, seven
observers elected to take part in Experiment 2 in which they were
trained to identify contrast-deﬁned letters. Five of these observers
showed a further improvement, averaging 17%, following training.
This improvement did not transfer to the untrained task of identi-
fying luminance-deﬁned letters and/or to the untrained non-
amblyopic eyes.
4.1. Plasticity of the second-order visual system
In our previous study (Chung et al., 2006), we reported a mean
improvement in threshold of 33% following eight days of learning
to identify contrast-deﬁned letters for a group of 10 amblyopic
observers. Here in Experiment 2 of the study (learning to identify
contrast-deﬁned letters), we observed only a 17% improvement, al-
most half of what we found in the previous study. Because we used
the same methodology and paradigm, the difference in results be-
tween the two studies cannot be attributed to differences in how
themeasurements were obtained. The key difference is the fact that
observers in the present study had already shown improvements in
identifying contrast-deﬁned letters, an improvement transferred
from the learning of identifying luminance-deﬁned letters in Exper-
iment 1. In Experiment 1, the six observers who showed learning
demonstrated an average improvement of 20% for the trained condi-
tion of identifying luminance-deﬁned letters, but the improvement
transferred so well to the untrained task of identifying contrast-de-
ﬁned letters (this was the untrained task of Experiment 1) that it
averaged 38%, a magnitude almost twice as large as that for thetrained condition. The 38% transferred improvement is very close
to what we reported for a direct learning effect of identifying con-
trast-deﬁned letters in our previous study (Chung et al., 2006)!
Given that the magnitude of the transferred improvement for
identifying contrast-deﬁned letters in Experiment 1 was close to
what we observed as a result of a direct learning effect of identify-
ing contrast-deﬁned letters in our previous study, it is somewhat
surprising that ﬁve of the observers were still able to show an addi-
tional improvement (averaging 17%) in Experiment 2. This addi-
tional improvement suggests that the second-order visual system
is more plastic and is more capable of improvement than the
ﬁrst-order system, at least for the amblyopic visual system or for
a task that might have been over-learned for the ﬁrst-order system.
4.2. Perceptual learning for ﬁrst- vs. second-order stimuli
Dosher and Lu (2006) examined and contrasted perceptual
learning for ﬁrst- and second-order stimuli in observers with nor-
mal vision. They trained their observers at the fovea to discrimi-
nate the orientation (normal vs. mirror-reversed) of the letter K
rendered using luminance contrast (ﬁrst-order) or texture contrast
(second-order). To identify the mechanism underlying perceptual
learning of ﬁrst- and second-order tasks, they incorporated the
external noise paradigm to the training task and analyzed their
data using the perceptual template model (Dosher & Lu, 1998,
1999; Lu & Dosher, 2004). Following ﬁve days of training to dis-
criminate the orientation of a luminance-deﬁned letter K, their
observers (N = 4) failed to show any reduction (improvement) in
contrast threshold for discriminating the orientation of the letter
K. However, for the other four observers who were trained to dis-
criminate the texture-deﬁned letter K, there was a signiﬁcant
improvement in the threshold for performing the task at low exter-
nal noise, but not at high noise levels. According to the perceptual
template model, this result suggests that the improvement of dis-
criminating the orientation of second-order objects was a result of
stimulus enhancement. These same four observers who showed
improvement on discriminating the orientation of a texture-de-
ﬁned letter K were subsequently trained to discriminate the orien-
tation of a luminance-deﬁned letter K. However, no improvement
was found for the luminance-deﬁned task.
The study of Dosher and Lu (2006) differed from our present
study in several accounts. The foremost and probably most impor-
tant difference is that they studied perceptual learning in the nor-
mal fovea whereas we studied perceptual learning of the
amblyopic visual system. This difference alone may explain why
they did not ﬁnd any improvement following training on a ﬁrst-or-
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20%—namely, that letters are over-learned through years of read-
ing at the normal fovea.
A second difference is that Dosher and Lu (2006) did not exam-
ine the cross-over transfer of the learning effect to an untrained
task, although after observing an improvement for the texture-de-
ﬁned (second-order) task, they trained the same observers to per-
form the luminance-deﬁned (ﬁrst-order) task. An examination of
the cross-over transfer effect, as in our study, allows us to test pre-
dictions based on the putative ﬁlter-rectiﬁer-ﬁlter second-order
pathway (see below), or the same pathway for ﬁrst- and second-
order hypothesis.
Another difference is that by examining performance in the
presence of different amount of external noise, Dosher and Lu
(2006) were able to determine the mechanism of perceptual learn-
ing for their second-order task. The predominant improvement of
threshold at low external noise levels hinted toward an improve-
ment due to stimulus enhancement. In our study, because we only
measured thresholds at one external noise level (the background
noise level), we were not able to determine whether the observed
improvements were attributed to stimulus enhancement
(improvement at low external noise levels), external noise exclu-
sion (improvement at high external noise levels) or a reduction
of observer’s multiplicative internal noise (coupled improvement
at both low and high noise levels). However, identifying the mech-
anism of perceptual learning for ﬁrst- vs. second-order tasks was
not the goal of the present study.
4.3. Model for second-order processing
The uni-directional transfer of the learning effect, from a trained
ﬁrst-order to an untrained second-order task,3 but not the converse,
argues against having the same pathway for processing both ﬁrst-
and second-order information. On the contrary, our data provide evi-
dence consistent with a two-stage model, and some new insights
into the presumed processing of second-order visual information.
With respect to the ﬁlter-rectiﬁer-ﬁlter pathway postulated to medi-
ate the processing of second-order information, the improvement
can occur at the ﬁrst or the second ﬁltering (perceptual template)
stage. As we suggested in the Introduction, if the improvement oc-
curs at the ﬁrst ﬁltering stage that primarily processes ﬁrst-order
information, then the signals feeding onto the second ﬁltering stage
(after the presumed rectiﬁcation process) would be more reliable,
which may in turn facilitate the processing of second-order informa-
tion of the stimulus. This may explain the extremely strong transfer
of improvement to the untrained task of identifying contrast-deﬁned
letters in Experiment 1. Alternatively, if the improvement due to
learning only occurs at the second ﬁltering stage as a result of direct
training for a second-order task, as in Chung et al. (2006) or Exper-
iment 2 of the present study, then unless there is a feedback or pool-
ing mechanism in place, the improvement that occurs at the second
ﬁltering stage is unlikely to be transferred back to the ﬁrst ﬁltering
stage. This may explain the lack of a transfer of improvement for
identifying luminance-deﬁned letters (a ﬁrst-order task) following
learning to identify contrast-deﬁned letters (a second-order task)
as reported in Chung et al. (2006). Although it can also explain the3 In our previous paper, we already reported a lack of a transferred improvement to
the untrained task of identifying luminance-deﬁned letters following learning to
identify contrast-deﬁned letters (Chung et al., 2006). However, in that paper, one
possible explanation of the result is that luminance-deﬁned letters were already over-
learned by the observers and thus there was no improvement shown. Consequently,
that result alone could not rule out the potential of a bi-directional cross-over transfer
effect. In this paper, the fact that observers showed improvements on identifying
luminance-deﬁned letters in Experiment 1 suggests that performance on the task
could be enhanced through practice, and provides strong evidence that the cross-over
transferred effect is indeed uni-directional.lack of a transferred improvement that we observed in Experiment
2 of the present study, here we have a confounding factor that
observers might have already reached the limit of their improve-
ment in Experiment 1, thereby leaving no room for further (trans-
ferred) improvement in Experiment 2. However, we note that for
the two observers (CL and GJ) who did not learn in Experiment 1
but still participated in Experiment 2, one (CL) showed some learn-
ing in Experiment 2 for identifying contrast-deﬁned letters. Yet, her
improvement still did not transfer to the task of identifying lumi-
nance-deﬁned letters. Therefore at least for this observer, we can ex-
clude the possibility that the lack of a transfer of improvement to the
task of identifying luminance-deﬁned letters in Experiment 2 is due
to the fact that observers already reached the limit of their potential
for an improvement.
Finally we note that it is widely accepted that there is a stage at
which ﬁrst- and second-order information is pooled (e.g. Baker &
Mareschal, 2001; Chung, Li, & Levi, 2007; Mareschal & Baker,
1998; Rivest & Cavanagh, 1996; Smith, Clifford, & Wenderoth,
2001). A generic model consisting of independent, parallel ﬁrst-
and second-order pathways followed by a pooling stage would
predict that the transfer of learning between ﬁrst- and second-or-
der tasks would be bi-directional when neuronal modiﬁcations are
located at the pooling stage. In this view, our results (uni-direc-
tional transfer) suggest that while ﬁrst- and second-order signals
may be pooled at a later stage, the learning must remain speciﬁc
and occur in the ﬁrst-order pathway prior to the pooling stage.
4.4. Why does learning of letter identiﬁcation not transfer to acuity?
One of our main motivations for this study was the hope that
learning to identify letters might be more likely to transfer to vi-
sual acuity than other tasks such as Vernier acuity or contrast sen-
sitivity, both of which have been shown to transfer to visual acuity
in adult amblyopes (Levi et al., 1997; Zhou et al., 2006). To our dis-
appointment, learning letter identiﬁcation failed to transfer to vi-
sual acuity. A recent study (Huang et al., 2008) suggests that the
bandwidth of learning for contrast sensitivity is very broad in
observers with amblyopia ( 4 octaves) compared to that of nor-
mal observers ( 1.4 octaves). The broad bandwidth of learning
implies more plasticity and broader generalization in the amblyo-
pic visual system, which in turn provides a strong rationale for per-
ceptual learning in amblyopia. Given this broad bandwidth, why
did we not see a transfer of improvement to visual acuity in our
study? Huang et al. (2008) had their observers practice contrast
threshold measurements for a sine-wave grating pattern with a
spatial frequency close to the observer’s cut-off spatial frequency
(their resolution limit). The effect of this training spread to spatial
frequencies well below the cut-off (more than 4 octaves below). In
the present study, we had observers practice identifying near con-
trast-threshold luminance-deﬁned letters that were considerably
larger (a factor of 8 or 3 octaves) than their resolution limit but
were within the 4-octave range. One possible explanation is that
letters are different from gratings. However, we would argue that
since letters contain multiple spatial frequencies and orientations
they should generalize to acuity more readily than gratings. A more
likely explanation is that the spread of learning may be uni-direc-
tional—spreading from near the acuity limit to lower spatial fre-
quencies (larger objects), but not the other way around. Whether
or not this speculation is correct remains to be tested.
4.5. Spatial frequency selectivity of perceptual learning
A related issue concerning the generalization of learning based
on the spatial frequency content of stimuli is that the luminance-
and contrast-deﬁned letters have different spectral composition.
The amplitude of the power spectrum of the luminance-deﬁned
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the band of spatial frequencies most useful for letter identiﬁca-
tion (Chung, Legge, & Tjan, 2002; Legge, Pelli, Rubin, & Schleske,
1985; Majaj, Pelli, Kurshan, & Palomares, 2002; Solomon & Pelli,
1994); whereas the power spectrum of the second-order letters
is ﬂat across a range of spatial frequencies, given that the sec-
ond-order letters are composed of arrays of white noise. Percep-
tual learning is highly speciﬁc with respect to the spatial
frequency of the stimulus (Fiorentini & Berardi, 1980, 1981), con-
sequently, our expectations were that improvements following
learning to identify luminance-deﬁned letters might not readily
transfer to the identiﬁcation of contrast-deﬁned letters, and vice
versa. Here we show that the latter is true, consistent with the
ﬁnding we reported previously (Chung et al., 2006), but the for-
mer is not. Instead, there was an excellent transfer of improve-
ment to the task of identifying contrast-deﬁned letters
following learning to identify luminance-deﬁned letters. This
transfer cannot be explained by the bandwidth of the spatial fre-
quency selectivity as almost all perceptual learning studies
employing ﬁrst-order stimuli showed rather narrow bandwidths
for spatial frequency selectivity. Another factor relevant to spatial
frequency is letter size. Because we used a ﬁxed letter size for
testing luminance-deﬁned and contrast-deﬁned letters, the stim-
uli were 1.3 the acuity for contrast-deﬁned letters but approxi-
mately 8 the acuity for luminance-deﬁned letters. Despite this
6 difference in the normalized letter size (letter size normalized
to acuity for the respective task), improvements following learn-
ing readily transferred from a trained ﬁrst-order to an untrained
second-order task, suggesting that it is likely to be the physical
letter size that matters, instead of the normalized letter size with
respect to the resolution limit.5. Concluding remarks
Following training to identify near-threshold luminance-de-
ﬁned letters, our amblyopic observers showed a modest improve-
ment in contrast thresholds for identifying these letters. This
improvement transferred very well to the untrained task of iden-
tifying contrast-deﬁned letters in the trained eyes, but did not
transfer to the untrained task of acuity (size-threshold) measure-
ment. Practically, this result suggests that the use of large low-
contrast letters as a training task may have limited clinical
application in improving the visual acuity of adults with amblyo-
pia. As noted above, training with near-acuity letters may be
more successful.
We also found that despite an excellent transferred improve-
ment in identifying contrast-deﬁned letters following Experiment
1, subsequent direct training on identifying contrast-deﬁned let-
ters in Experiment 2 led to an additional improvement for identi-
fying such letters. The improvement resulting from this direct
training did not, however, transfer to the task of identifying lumi-
nance-deﬁned letters.
Considering that the magnitude of the transferred improvement
on a second-order task (identifying contrast-deﬁned letters) as a re-
sult of training on a ﬁrst-order task (identifying luminance-deﬁned
letters) is highly similar to themagnitude of improvement resulting
from a direct training on the second-order task (Chung et al., 2006),
our results also suggest that it may be more cost-effective to train
amblyopic observers simply on a ﬁrst-order task if time is of a pre-
mium, since it will improve performance for both ﬁrst- and second-
order tasks. However, if time is of no object, then itmay be desirable
to prescribe additional training on a second-order task to further
improve performance on second-order tasks. It remains to be seen
whether training of ﬁrst-order letters near the acuity limit will
transfer to both larger ﬁrst- and second-order letters.Acknowledgments
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